scope in predicting the optical properties of semiconductor-metal composite films in the infrared region. However, an empirical polynomial equation can simulate the experimental data at all wavenumbers of the IR spectrum.
.,.
Introduction
Present-day scientific and technological developments demand the use of novel optical materials which exhibit unique optical properties not observed in conventional materials. Investigations have focused.-on developing new optical materials and efficient ways of tailoring the properties of existing materials within the scope of the available preparation techniques.
The latter approach is often simpler and easier to implement. To this end, thin film deposition techniques, namely, evaporation, "2 ion beam assisted,3 and sputtering have been made use of to successfully prepare composite/inhomogeneous dielectric thin films. '-4 This has resulted in thin films, having unique optical properties, which have found applications in oPtical thin film devices.''5'5 Similarly, dielectrics have been co-deposited with different metals leading to a whole family of cermet films4f6f7 which have applications in solar energy conversion devices*8'9 Both dielectric-dielectric and metal-dielectric composite films have been widely investigated with emphasis on the optical properties in the solar and near infrared spectral regions. However, there are neither any studies on the optical properties of these materials in the middle and far infrared (IR) regions, nor any attempt to find out the viable combinations of composite/inhomogeneous materials for the infrared region, except for a few remarks. 8 Nevertheless, a growing use of the IR spectrum for various scientific and technological missions either . " demands the use of such novel materials. in space or ground, In view of this, the present investigation has been organized to systematically study the infrared optical properties of composite thin films.
, In this paper, starting with a brief description of viable combinations of composite optical materials in the IR region~ experimental results of the preparation and characterization of a few specific composite thin films are presented. The scope of the phenomenological and empirical theories to account for the experimental results is also discussed.
Infrared Composite Optical Thin Films
From a critical review of the optical properties of IR materials'0-'2, it can be observed that there is a paucity of optical materials for the IR region, which are not only very good absorbers but also medium reflectors. Such interesting optical properties can be expected from semiconductor-metal composite materials for which many viable combinations such as Ge:Ag, Ge:Au, Si:Au and Si:Ag can be thought of.
These materials can find applications as broad-band infrared absorbers in optical, opto-electronic and thermal control systems. In the present investigation, the preparation and characterization of the Ge:Ag combination in thin film form are discussed.
Preparation:
Composite films of Ge:Ag having uniform concentrations of Ag varying from 7% to 40% are prepared by dc magnetron co-sputtering of Ge and Ag . The sputtering process utilizes a 5 cm diameter planar 99.999% ." pure Ag target mounted on a dc sputter gun manufactured by U.S. Inc., and a target two-piece 3.8 cm diameter doughnut shaped 99.9999% pure Ge mounted on a Research S-Gun manufactured by Sputtered Films Inc. The targets (from International Advanced Materials, Suffern, New York) are oriented at a 45°angle to the substrate plane to achieve a high degree of uniformity over the substrate geometry. Uncooled substrates are mounted at a distance of 15 cm from the targets. The sputtering chamber is pumped by a turbomolecular pump to a base pressure less than 10 -4 Pa and back-filled with argon.
In the present set-up the concentrations of Ag and Ge are decided For IR optical properties' characterization, films deposited on CdTe and soda lime glass are used. The films sputtered on thin soda lime glass microslide cover slips are used for TEM and stress pattern ." observations. It may be noted that in all the films, a neutral stress state has been achieved, indicating that the films are mechanically very stable. 
Characterization:
The surface characterization of the thin films of Ge:Ag is carried out using transmission electron microscopy (TEM) . The rear side of the coated thin microslide samples are ground to reduce the substrate thickness to a few microns after which they are etched in an argon ion beam milling system at 5kV and 0.5m.A, with a 12° incident angle, to achieve electron transparency in a free standing film. In the present studies, ZnS deposited by thermal evaporation is utilized as the transparent layer over the opaque virgin film of interest.
The refractive index of the ZnS layer is determined a priori over the IR spectrum from 4000 to 700 cm-' and then the optical constants of the film are evaluated using the RMSP technique. However, to determine n and k from 700 cm-' to 320 cm-', theoretical simulation is carried out until (R -R~~)2 S 10 -5
. R~~, the computed value of reflectance, for preset values of n and k is obtained from the equation
where n and k are the optical constants of the opaque film and nO is the refractive index of the medium.
It may be pointed out that to given composite film, three films It is also obvious from the micrographs that the particle size and density of Ag increase as the concentration of Ag is increased. At lower concentration (13%), the particle size is as low as 20A, whereas they are in the range of 100-150A and 200-300A for films having 25% and 40% concentrations of Ag, respectively.
It may be observed that at lower Ag content, Ag particles are sparsely distributed in the Ge matrix~ which is similar to the morphology observed, in the case of Ni/Al#3 composites~ by crai.gheadẽ t. al.6 However, at higher volume fractions of Ag~t here is a tendency for a symmetric distribution of Ag and Ge, similar to those of Au/A1203 and Ag/MgO composite films.7
In the light of these observations, it may be obvious to anticipate that the Maxwell-Garnet .' theory'8 should reasonably account for the optical properties of the Ge:Ag composite films having lower concentrations of Ag, and the Effective Medium Theory due to Bruggeman'9 which is based on a symmetrical distribution of the components of the composite materials, should adequately describe the optical properties of the composite films having higher concentrations of Ag (25% and 40%). These will be discussed in detail in the subsequent paragraphs.
Optical Properties:
The results of the optical constants n and k derived from the.measured optical properties are presented in Figs. 2, 3 , 4, and 5 for films having 7%, 13%, 25%, and 40% volume fractions of Ag, respectively. 
where UP is the plasma frequency and or is the inverse of the relaxation time. In order to explain all the observed experimental results, a comprehensive approach is required in which there should be scope to consider the contributions not only from the individual components but also from the interactions between the metal and semiconductor.
The mutual semiconductor-metal interaction may be responsible for dispersion of the optical constants and resonance behavior, predominantly seen in higher metallic concentration films and at the far infrared region.
In the absence of an appropriate theoretical scheme to precisely determine the optical constants of binary semiconductor-metal composite systems, an attempt has been made to determine the theoretical form of the equation which can yield the n and k values for any given volume fraction of metal and at any wavenumber.
."
For this, a polynomial equation of the following type is assumed,
(:)-$( \)F'-'
-.
where P{ and Q i are the polynomial coefficients and F is the volume fraction/concentration of the metal in the composite thin film.
Using the experimental results of n and k at a given wavenumber 3) 
